We examine the relative contribution of processes controlling the interannual variability 14 (IAV) of tropospheric ozone over four sub-regions of the southern hemispheric 15 tropospheric ozone maximum (SHTOM) over a twenty-year period. Our study is based 16 on hindcast simulations from the National Aeronautics and Space Administration Global 17
radiative effect. Over the south Atlantic region, the contribution from surface emissions 23 to the IAV of ozone exceeds that from stratospheric input at and below 430 hPa. Over the 24 south Indian Ocean, the IAV of stratospheric ozone makes the largest contribution to the 25 IAV of ozone with little or no influence from surface emissions at 270 hPa and 430 hPa 26 in austral winter. Over the tropical south Atlantic region, the contribution from IAV of 27 stratospheric input dominates in austral winter at 270 hPa and drops to less than half but 28 is still significant at 430 hPa. Emission contributions are not significant at these two 29 levels. The IAV of lightning over this region also contributes to the IAV of ozone in 30
September and December. Over the tropical southeastern Pacific, the contribution of the 31 IAV of stratospheric input is significant at 270 hPa and 430 hPa in austral winter, and 32 emissions have little influence. 33
Introduction 34
Tropospheric ozone plays a critical role in controlling the oxidative capacity of the 35 troposphere through its photolysis in the presence of water vapor, generating hydroxyl 36 radical (OH), the main atmospheric oxidant (e.g., Logan et al., 1981) . It contributes to 37 smog and is harmful to human and ecosystem health near the surface. It acts as a 38 greenhouse gas especially in the upper troposphere (Lacis et al., 1990 ) and affects the 39 radiative forcing of the climate system. Tropospheric ozone is produced by 40 photochemical oxidation of CO and volatile organic compounds (VOCs) in the presence 41 derived from satellite information on fire activity (ATSR) and/or aerosol optical depths 164 from the Total Ozone Mapping Spectrometer (TOMS) by Duncan et al. (2003) . Biogenic 165 emissions of isoprene and monoterpenes follow the latest version of the MEGAN 166 algorithm (Guenther et al., 2006) . Besides the standard simulation, we carry out a control 167 run for 1991-2011 by repeating the anthropogenic and biomass emissions for 2000. The 168
comparison between the control and standard simulation removes the possible impact of 169 IAV in meteorology and allows us to quantify effects of emission IAV on ozone IAV. 170
In our GMI-CTM, the lightning parameterization follows the scheme described by The model includes a stratospheric O 3 tracer (StratO 3 ). The StratO 3 is defined relative to a 182 dynamically varying tropopause tracer (e90) (Prather et al., 2011) . The e90 tracer is set to 183 a uniform mixing ratio (100 ppb) at the surface with 90 days e-folding lifetime. In our 184 simulation, the e90 tropopause value is 75 ppb. The StratO 3 tracer is set equal to O 3 in the 185 stratosphere and is removed in the troposphere with the same loss frequency (chemistry 186 and deposition) archived from daily output of the standard chemistry model simulation 187 with yearly-varied emission in this study. Using the StratO 3 tracer allows quantification 188 of O 3 of stratospheric origin in the troposphere at a given location and time. This 189 approach has also been adopted in the high resolution GFDL AM3 model (Lin et al., 190 2012) . 191
In this study, we also conducted a tagged CO simulation to examine the emission sources 192 during the same period as the full chemistry simulation. The tagged CO simulation has 193 horizontal resolution of 1°x1.25°. The primary chemical loss of CO is through reactions 194 with OH radicals, which are archived from the respective standard chemistry simulation 195 with yearly-varied emissions. The chemical production and loss rates of CO in the 196 stratosphere were archived from the respective standard chemistry simulations. 197
GMAO GEOS-5 Ozone Assimilation 198
We used assimilated tropospheric ozone to evaluate model performance. This assimilated 199 dataset is produced by ingesting OMI v8.5 total column ozone and MLS v3. trajectory mapping and direct profile retrieval using residual method, with ozonesonde 211 observations and GMI model simulations. They show that the ozone product (500 hPa to 212 tropopause) from the GEOS-5 assimilation is the most realistic. Wargan et al. (2015) also 213 demonstrate that the ozone between 500 hPa and the tropopause from GEOS-5 214 assimilation is in good agreement with independent observations from ozonesondes. The 215 assimilation applies the OMI averaging kernels in the troposphere, but the weight of OMI 216 kernels decreases sharply below 500 hPa (Personal communication with K. Wargan). 217
Considering that in the lower troposphere there is no direct observational constraint in 218 the analysis, we use ozone mixing ratio at 270 hPa and 430 hPa as well as partial column 219 ozone integrated from 500 hPa to the tropopause from GEOS-5 assimilation as a 220 reference value to evaluate our GMI model simulation. To compare the GEOS-5 221 assimilated tropospheric partial column above 500 hPa with GMI-CTM ozone 222 simulation, we use the same tropopause as defined by the lower of the 3.5 potential 223 vorticity units (PVU) isosurface and the 380 K isentropic surface. 
Subregions of SHTOM 243
The tropospheric ozone distribution in any region depends on the advection and mixing, 244 its proximity to the polluted area, and descent of ozone-rich air from the stratosphere. We 245 show in Figure 2 during austral winter-spring and reaches its seasonal maximum in August, when the 329 subtropical jet system is strongest and moves to its northern-most location. Over the two 330 subtropical regions, the strong stratospheric influence persists throughout the whole 331 troposphere (r > 0.8 at 700 hPa) in August. Over tropical south Atlantic region, the 332 strong stratospheric influence is limited to the upper troposphere in austral winter-spring 333 and decreases sharply with decreasing altitude. Over the tropical southeastern Pacific, the 334 strong stratospheric influence persists year-long at the upper troposphere and reaches as 335 low as ~400 hPa except for December. 336
The right column of Figure 6 shows the seasonal profiles of correlation coefficients 337 between ozone and ozone from emissions (EmissO 3 ). The EmissO 3 is the difference 338 between the simulations with varied and constant emission. Over the two subtropical 339 regions, there are two seasonal maxima in the correlations between ozone and EmissO 3 . 340
The first occurs in September at the lower troposphere and decreases with increasing 
20°S, 12°E-38°E) and South and Southeast Asia (70°E-125°E, 10°S-40°N) may all affect 356
the IAV of ozone due to emission changes in the southern hemisphere. In this study, we 357 rely on tagged CO simulation to quantify the influence of biomass burning emissions 358 from these three burning regions during months when emission IAV contributes 359 significantly to the IAV of ozone. 360
In the next section, we choose August (the seasonal maximum of stratospheric input into 361 the lower troposphere), September and December (the seasonal maximum of emission 362 contribution) as three example months to examine the relative roles of different factors on 363 IAV of tropospheric ozone over these regions. and explains about 35% of IAV in ozone at 430hPa. In December, the contribution from 397 stratospheric input to the IAV of ozone is dominant (~47%) at 270 hPa. The contribution 398 from emission is also significant at this level and explains 28% variance of IAV of ozone. 399
At 430 hPa, the contribution from emission exceeds that from stratospheric input. 400
We quantify emission contributions from three burning regions using a tagged CO 401 simulation. Figure 9 shows standardized anomalies of the tagged CO tracers over South 402 EmissO 3 in September, and it is strongest near the surface. In December, cross-equator 437 transport of South and Southeast Asia pollutants is the most important source of IAV due 438 to emissions, and the effects are stronger in the upper troposphere. 439
South Indian Ocean 440
Over the south Indian Ocean, the fitted and simulated ozone anomalies are in excellent 441 agreement ( Figure 10 ). The explained proportion of variability in simulated ozone 442 anomalies by StratO 3 and EmissO 3 is as high as ~ 88% in August at 270 hPa. We show 443 relative contribution to the IAV in ozone due to stratospheric input and emission as 444 obtained from multiple linear regression in Figure 11 . In August and September, 445 stratospheric input contributes more than 85% to ozone IAV at 270 hPa. The 446 stratospheric contribution decreases slightly but is still dominant and significant at 430 447 hPa (~49% in August and 60% in September). The emission contribution, which is 448 mainly from downwind transport of pollutants from S. America and southern Africa 449 The fitted ozone reproduces many of the IAV of simulated ozone after including 486 lightning NO X in the regression, indicating a strong influence from the lightning NO X in 487
December. 488 Figure 14 shows the regression results of relative contributions of stratospheric input and 489 surface emission on the IAV of ozone. As discussed above, the tropical south Atlantic is 490 in the descending branch of the Walker Circulation. Therefore, even though this region is 491 located in the tropics, the IAV of stratospheric input still plays a dominant role and 492 explains 60% in August and 51% in September of ozone variance in the upper 493 troposphere. The stratospheric contribution, associated with radiative descent over this 494 region, drops to less than 38% in August and 18% in September at 430 hPa but is still 495 significant during these two months. Emission influences are not significant at either 496 level in September. Examination of the simulation shows that emission contribution is 497 limited even at lower levels; the emission contribution becomes significant and explains 498 ~30% variance of ozone at ~700 hPa (not shown). In December, neither stratospheric 499 input nor emission contributes much to the IAV of ozone. 500
In the model, the lightning emissions take place in connection with deep convective 501 Compared to the extra-tropics regions, the influence from stratospheric input is smaller 578 but still significant in two tropical regions at both 270 hPa and 430 hPa in August and 579
September. Over tropical south Atlantic region, the IAV of stratospheric input plays a 580 dominant role and explains 60% in August and 51% in September of the ozone IAV at 581 270 hPa. The stratospheric contribution is still significant at 430 hPa, but drops to less 582 than half of that at 270 hPa. Emission contributions are not significant at these two levels, 583 even during September. Our model shows that the IAV of ozone is partially driven by the 584 IAV of lightning in September. In December, the changes in lightning NO X have a 585 significant impact on the ozone IAV, but show a negative correlation, which indicates 586 that the transport and mixing of clean surface air exceeds ozone production from 587 lightning NO X emissions with a net negative impact of IAV in convection. Over the 588 tropical southeastern Pacific, IAV in stratospheric input significantly affects the ozone 589 IAV during these three months, explaining 28-40% of the variance of simulated ozone at 590 
